Abstract
Introduction
Vancomycin is a commonly used tricyclic glycopeptide antibiotic, which is considered the antibiotic of choice primarily for infections involving methicillin-resistant Staphylococcus aureus (MRSA) [1] . In the past, clinicians were reluctant to prescribe vancomycin due to concerns of product purity, with many clinicians referring to it as "Mississippi mud" [2] . These impurities were associated with adverse effects including acute kidney injury (AKI). Although current preparations purified by high-performance liquid chromatography are 90-95% pure [3] , even today, the generic formulations of vancomycin pose a risk for containing fermentation by-products that could induce AKI [4, 5] .
In patients who have invasive MRSA infections, in order to be able to achieve a 24-h ratio of area under the curve to minimum inhibitory concentrations (AUC/ MIC) > 400 [6] , guidelines recommend more intensive dosing and maintenance of trough levels between 15 and 20 mg/L [7] [8] [9] . This recommendation has been widely adopted into clinical practice and may have resulted in an increase in vancomycin-associated AKI [10] [11] [12] . There is significant variability in the reported incidence of vancomycin-related AKI, ranging anywhere from 5% to as high as 43% depending on the study population and baseline risk factors [12, 13] . Previous studies examining the association of vancomycin with AKI relied on observations from relatively small cohorts of patients, and thus resulting in uncertainty about the causal role of vancomycin in AKI and about what strategies to use to prevent AKI in patients treated with vancomycin [14, 15] .
We conducted a large retrospective study to assess the association between vancomycin administration and the risk of AKI. The purpose of our study was (1) to determine the association of vancomycin with AKI in relation to its early trough serum concentration value and (2) to examine the risk of AKI in patients treated with vancomycin when compared with a matched cohort of patients receiving non-glycopeptide antibiotics.
Materials and Methods

Study Setting and Cohort Definition
The institutional review committees at the Memphis and Long Beach Veterans Affairs Medical Centers approved the study. Data were obtained from the Racial and Cardiovascular Risk Anomalies in chronic kidney disease (CKD; RCAV) study, which examines risk factors of incident CKD, mortality, and other outcomes in US veterans, and which was previously described in detail [16, 17] .
From an original cohort of 3,582,478 patients with baseline estimated glomerular filtration rate (eGFR) ≥60 mL/min/1.73 m 2 , we included patients who received vancomycin for at least 48 h during an inpatient hospitalization (considering only the first hospitalization for patients with multiple such events), who had sufficient serum creatinine measurements for AKI diagnosis and who had no AKI events and at least one steady state trough serum vancomycin concentration available in first 48 h. From the same cohort, we also identified patients who received non-glycopeptide antibiotics (intravenous daptomycin and/or linezolid) without IV vancomycin and who had no AKI events in the first 48 h (Fig. 1) .
Exposures and Covariates
All data (including patient characteristics, laboratory variables, and medication exposures) were extracted from various national VA research databases, as previously described [16] [17] [18] [19] . Baseline characteristics were identified on the first day of antibiotic administration or up to 7 days before it (using the value closest to the date of antibiotic administration). We identified antibiotic (vancomycin and non-glycopeptides) exposure from VA pharmacy dispensation records, which also included the number of doses and the duration of each dose. The main exposure variable was the highest recorded trough vancomycin level measured within the first 48 h after initiation of therapy, with the mean of trough levels measured within the first 48 h after initiation of therapy used in sensitivity analyses. We assessed vancomycin levels measured during the first 48 h in patients without AKI events during this time period in order to avoid reverse causation, since AKI can result in a subsequent rise in vancomycin levels. Baseline eGFR was calculated from serum creatinine measurements using the CKD Epidemiology Collaboration Equation [20] . Information about comorbidities was collected from the VA Inpatient and Outpatient Medical SAS Datasets using ICD-9-CM diagnostic and procedure codes and Current Procedural Terminology codes.
Outcomes
The primary outcome of interest was incident AKI. AKI was defined as an absolute increase in serum creatinine of ≥0.3 mg/dL or a ≥50% increase in serum creatinine from baseline. AKI was also staged according to KDIGO creatinine-based criteria from the date of first antibiotic exposure during hospitalization [21] . Baseline creatinine was defined as the mean of outpatient serum creatinine levels 7-365 days prior to hospitalization [22] . For our analyses, we only considered AKI events occurring after 48 h following the start of vancomycin administration.
Statistical Analysis
Data were summarized using proportions, means ± SD, or medians (interquartile range) as appropriate. We examined the association of the highest trough serum vancomycin level recorded in the first 48 h of administration with subsequent AKI in all patients treated with vancomycin using multivariable adjusted logistic regression. Patients who received vancomycin were categorized into 4 groups based on their trough vancomycin level (< 10, 10-15, 15.1-20, and > 20 mg/L). Variables entered in multivariable-adjusted models were selected based on theoretical considerations; we included variables known to be associated both with vancomycin use and AKI based on scientific evidence, and which were available in our database. Models were adjusted sequentially for the following confounders: model 1: unadjusted; model 2: demo-Am J Nephrol 2019;49:133-142 DOI: 10.1159/000496484 graphic characteristics; model 3: model 2 variables plus comorbidities; and model 4: model 3 variables plus medications, systolic/ diastolic blood pressure, and body mass index. We performed additional adjustments for select Sequential Organ Failure Assessment score components (platelet count, bilirubin, and vasopressor/ionotropic medications, with and without the addition of arterial pO2; model 5 -pO2 and + pO2) when these were available. Due to the low proportion of patients in whom the Sequential Organ Failure Assessment variables were available (76% missing for model 5 + pO2 and 35% missing for model 5 -pO2), these adjustments were considered sensitivity analyses. We also performed subgroup analyses in select subgroups of patients receiving different doses (< 4 vs. ≥4 g/day), duration (< 7 vs. ≥7 days) of vancomycin therapy, and number of antibiotics using our model 4.
To attenuate bias by indication, we matched patients who received vancomycin with patients who were treated with non-glycopeptides, which are typically employed for indications that are similar to the ones used for vancomycin therapy. We matched patients in the 2 groups (vancomycin vs. non-glycopeptide) by propensity scores calculated from patient demographics, comorbidities, baseline eGFR, mean arterial pressure, and nephrotoxic medication exposure (analgesics, antibiotics, inotropes/pressors, proton pump inhibitors, and diuretics). We used a 1: 1 nearestneighbor matching without replacement first in all antibiotictreated patients, and then we repeated the matching process for the 4 subgroups of patients with different vancomycin levels (< 10 through > 20 mg/L as described above). Differences between variables were examined by calculating standardized differences, with values < 0.1 deemed acceptable.
We repeated analyses after excluding patients who died during the time period used to evaluate the occurrence of AKI.
Statistical analyses were performed using SAS Enterprise Guide 7.1 (SAS Institute Inc., Cary, NC, USA) and Stata version 15 (Stata Corporation, College Station, TX, USA).
Results
Baseline Characteristics
Overall baseline characteristics in patients categorized by their highest trough vancomycin levels and in propensity-matched patients are shown in Tables 1 and 2 . The mean (SD) age of the cohort was 68 (11) years, mean eGFR was 76 (26) mL/min/1.73 m 2 , 96% were male, 19% were African-American, 50% were diabetic, and 85% were hypertensives. Comorbidities such as congestive heart failure, peripheral vascular disease, and ischemic heart disease were present in 24, 29, and 41% of the patients, respectively ( Table 1) .
Risk of AKI
Overall crude incidences of AKI stages 1, 2, and 3 were 10.4, 2.7, and 1.5%, respectively, among the 22,057 patients who received vancomycin therapy. 1-1.7) , respectively ( Fig. 3 and online suppl. Table 2 ). In propensity-matched subgroups of patients with plasma vancomycin levels ≤20 mg/L, the odds of various AKI stages were similar or lower in patients who received vancomycin vs. non-glycopeptides ( Fig. 3 and online suppl. Table 2 ). However, in patients with vancomycin levels > 20 mg/L, the risk of all AKI stages was higher in patients who received vancomycin: the ORs (95% CI) of AKI stages 1, 2, and 3 in patients exposed to vancomycin vs. non-glycopeptides were 1.5 (1.4-1.7), 1.9 (1.5-2.3), and 2.7 (2-3.5), respectively ( Fig. 3 and online suppl. Table 2 ). Figure 4 shows the association of vancomycin exposure categorized by highest trough levels with the risk of incident AKI in patients receiving different doses (< 4 vs. ≥4 g/day) and duration (< 7 vs. ≥7 days) of vancomycin therapy, and in patients receiving different numbers of concomitantly administered other antibiotics. There was no significant difference in the risk of AKI in the various subgroups.
Online suppl. Figure S -1B shows the association between highest trough vancomycin categories and odds of AKI in additional clinically relevant subgroups of patients, showing qualitatively similar trends except in patients with infections, pneumonia, and cardiovascular and other diseases (p < 0.05 for interaction). Results were similar when using the mean of all trough levels to define vancomycin exposure (data not shown). About 1.2, 1.4, 2.1, and 2.6% of patients died in the subgroups with serum vancomycin levels of < 10, 10-15, 15.1-20, and > 20 mg/L, respectively. Results remain unchanged in sensitivity analyses after excluding patients who died (online suppl. Tables 3, 4 and Fig. S1-D 
, E).
Discussion
Our study describes an almost fourfold increased risk of AKI in patients with vancomycin trough levels > 20 mg/L. The risk of AKI was not increased in patients receiving vancomycin compared to non-glycopeptides (linezolid/daptomycin) as long as plasma vancomycin levels were ≤20 mg/L. However, in patients with trough serum vancomycin levels > 20 mg/L, the risk of all stages of AKI was increased. Clinicians are increasingly concerned about MRSA as an infectious threat in the hospital and now in the community [23] . For many decades, vancomycin has been the drug of choice for treatment of MRSA Data were summarized using proportions, means ± SD, or medians (IQR) as appropriate. AKI, acute kidney injury; CHF, congestive heart failure; PVD, peripheral vascular disease; CVA, cerebrovascular accident; MI, myocardial infarction; eGFR, estimated glomerular filtration rate; BMI, body mass index; CCI, Charlson comorbidity index; SBP, systolic blood pressure; DBP, diastolic blood pressure; SOFA, sequential organ failure assessment; ALT, alanine aminotransferase; AST, aspartate aminotransferase; IQR, interquartile range. [24] . While vancomycin has been readily utilized and studied for over 6 decades, the dosing safety margins remain ill defined.
Consequently, recent guidelines recommend to maintain vancomycin trough levels of 15-20 mg/L in certain high-risk infections [25] . Prior smaller studies have suggested that maintaining levels > 15 mg/L substantially increases the risk of nephrotoxic events [8, [26] [27] [28] . Results of a meta-analysis suggested that a trough-toxicity gradient exists, with the greatest risk observed among individuals with trough levels > 20 mg/L [29] . Our results corroborate these findings in a much larger cohort; while we detected a linear association between higher vancomycin levels and increased Data were summarized using proportions, means ± SD, or medians (IQR) as appropriate. AKI, acute kidney injury; CHF, congestive heart failure; PVD, peripheral vascular disease; CVA, cerebrovascular accident; MI, myocardial infarction; eGFR, estimated glomerular filtration rate; BMI, body mass index; CCI, charlson comorbidity index; SBP, systolic blood pressure; DBP, diastolic blood pressure; SOFA, sequential organ failure assessment; ALT, alanine aminotransferase; AST, aspartate; IQR, interquartile range. risk of AKI, our propensity-matched analyses comparing vancomycin to non-glycopeptide antibiotic exposure suggest that the risk of AKI may only be present when vancomycin serum levels exceed 20 mg/L. In a comparison trial evaluating the incidence of nephrotoxicity using vancomycin or linezolid for treatment of nosocomial MRSA pneumonia, there was a 9.6% greater incidence of nephrotoxicity with vancomycin [28] .
We did not detect a difference in the risk of AKI in patients exposed to different doses and duration of vancomycin, possibly because we accounted for serum vancomycin levels, which would quantify the deleterious effect of higher doses/longer exposure. In prior studies, vancomycin doses of ≥4 g/day were associated with a higher risk of vancomycin-related nephrotoxicity [30] , but the mean vancomycin trough levels were significantly different in patients who received ≥4 g/day. Regarding the duration of exposure in various studies, nephrotoxicity occurred between 4.3 and 17 days after initiation of vancomycin therapy [10, 31, 32] , with vancomycin therapy ≥7 days described as a risk factor for the development of nephrotoxicity in one study [33] .
With the growing prevalence of MRSA infections, clinicians need to be alert and recognize the association and the possibility of vancomycin-associated nephrotoxicity [34] . However, it is unclear what component of nephrotoxicity is due to MRSA infection versus vancomycin therapy itself. MRSA is associated with glomerulonephritis and IgA nephropathy. Serious infections such as endocarditis, meningitis, and osteomyelitis often warrant higher therapeutic troughs, thus increasing the risk for vancomycin-associated nephrotoxicity [35, 36] . A previous study reported that lower respiratory tract infections were independently associated with nephrotoxicity, and these effects were independent of initial vancomycin trough levels [37] . Also in our subgroup analysis, there was an association between lower respiratory tract infection and vancomycin-associated AKI.
A recent systematic review and meta-analysis found that the risk for renal injury is compounded when there is co-administration of multiple potentially nephrotoxic agents. This perfect storm could happen when loop diuretics, aminoglycosides, and/or vasopressors are administered concurrently with vancomycin. The analysis demonstrated a high degree of associative risk with a grouped OR (95% CI) for nephrotoxicity as a whole 3.30 (1.30-8.39) [29] . Our study was unable to quantify the role of concomitant nephrotoxins in the observed results, primarily because the duration and timing of concomitant nephrotoxins were not quantifiable.
The mechanism whereby vancomycin may cause nephrotoxicity is unclear. Animal data suggest that vancomycin is an oxidative stressor in proximal renal tubular cells [38] . In addition, the use of antioxidants and cilastatin has been found to protect against vancomycininduced kidney damage, further supporting the notion that vancomycin is an oxidative stressor in the proximal renal tubular cells [39, 40] . Human data also suggest that vancomycin toxicity involves both the proximal tubules and the medullary region of the kidney [41] . However, cases of AKI in humans where a kidney biopsy was performed have mostly shown acute interstitial nephritis [42] [43] [44] with acute tubular injury being reported rarely [45, 46] .
Our study is notable for its large sample size and for being representative of veterans from the entire USA. To the best of our knowledge, this is the largest study to find significant associations between a high vancomycin level and AKI, and one that also includes a control group of patients receiving non-nephrotoxic antibiotics employed for similar indications as vancomycin. Several study limitations also merit discussion. This being an observational study, we can only report associations but not causality. While we adjusted our models for numerous patient characteristics including those quantifying severity of illness, and while we used propensity-matched analyses, we still cannot rule out residual confounding. Our study population consisted of mostly male US veterans; hence, the results should be applied with caution to females and to patients in other countries. Additionally, we excluded patients with CKD, which is a risk factor for vancomycinassociated AKI, which reduces external validity. While the association of higher vancomycin levels with AKI is suggestive of a dose-response effect [27, 31, 47] , vancomycin is eliminated predominantly by glomerular filtration, and hence a decrease in renal function in AKI will increase vancomycin plasma concentrations [10] and could result in a spurious association between higher trough levels and AKI. By limiting the assessment of vancomycin exposure to measurements performed during the initial 48 h and by excluding AKI events detected during this time, we minimized the possibility of such reverse causation, although we cannot rule out the effects of undetected AKI events, since rises in serum creatinine follow AKI events with a slight delay. Deviation from vancomycin measurement protocol (e.g., not obtaining levels at 30 min before the next dose) in individual hospitals may have led to misclassification of the vancomycin stratum.
In conclusion, serum vancomycin levels > 20 mg/L are associated with significantly higher risk of all stages of AKI. These results have important clinical implications and suggest that serum trough concentrations can serve as a prognostic indicator for nephrotoxicity, and that AKI may be preventable by careful monitoring of vancomycin levels. For conditions that warrant higher vancomycin targets, non-glycopeptide antibiotics may be a viable option in high-risk patients. Clinicians are urged to carefully dose and proactively monitor vancomycin therapy particularly in the most vulnerable patients at greatest risk for developing AKI. Future research directions should focus on early identification of patients at risk for nephrotoxicity and prospective strategies to prevent AKI.
